The motions of the ethylammonium ion in solid ethylammonium chloranilate, C2H5NH3 • Q H O 4CI2, are studied by *H NMR second moment (M2) and spin-lattice relaxation time {Tx) measurements. Re orientations of the CH3 group about the C-C bond axis and the NH3 group about C -N bond axis were observed and their motional parameters were evaluated. The internal rotational barriers of the CH3 and NH3 groups of an isolated C2H5NH3 ion were estimated from ab initio molecular orbital calculations.
Introduction
Chloranilic acid (2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone), a strong dibasic acid endowed with hy drogen-bond donor as well as acceptor groups, appears particularly attractive as a template for generating tight ly bound self-assemblies with polarizable cations [1] [2] [3] [4] [5] [6] .
The title compound, C2H5NH3 • C6H 0 4C12, crystallizes in the triclinic system (space group PI) with a = 7.201(2), b = 10.348 (2) , c = 7.190 (2) Ä, a = 95.59(2)°, ß = 92.95(2)°, y = 98.47(2)°, V = 526.3(2) Ä3, and Z = 2 at room temperature [7] . A packing view of the crystal is shown in Figure 1 . The molecules of the chlor anilate ion form an 0 -H ...0 hydrogen-bonded dimer, In the present study, we have measured the NMR spin-lattice relaxation time (7^1) and second moment (A/2) of the MNR linewidth in order to investigate the role of the hydrogen bonds in stabilizing the orientations of the NH3 and CH3 groups in the crystal. We also estimated the internal ro tational barriers for the CH3 and NH3 groups of an iso lated C2H5NH3 ion from ab initio molecular orbital (MO) calculations.
Experimental
C2H5NH3 • C6H 0 4C12 was prepared by mixing an acetonitrile solution of chloranilic acid with an aqueous solution of ethylamine. The obtained crystal was recrys tallized twice from methanol. The *H NMR spin-lattice relaxation time (7^) was measured at 32 MHz by the 180° -t -90° method using the pulse spectrometer described in [9] . The experimental uncertainty was estimated to be within 10% for Tx. The ]H NMR spec tra were recorded on a JEOL JNM-MW-40S spectro meter operated at 40 MHz. MO calculations were per formed using the Gaussian 98 package [10] . The sec ond-order M0ller-Plesset (MP2) method [11] with the 6-311G(d, p) basis set was used for geometry optimiza tion and vibrational frequency calculations.
Results and Discussion

A. Molecular Orbital Calculation
In order to elucidate the internal rotational barriers for the CH3 and NH3 groups around the C-C and C-N bond axes, respectively, in an isolated ethylammonium ion, we have made ab initio MO calculations with MP2/6-311G(d,p) level. The full optimizations without symmetry restrictions were carried out for three kinds of conformations of the cation: (i) the all-staggered con formation, (ii) the CH3-eclipsed conformation, i.e. the conformation where only the CH3 group is rotated by 60° about the C-C bond axis from the all-staggered form, (iii) the NH3-eclipsed conformation, i.e., the con- formation where only the NH3 group is rotated by 60° about the C-N bond axis from the all-staggered form.
For the optimized geometry of the three conformers see Table 1 . The geometry of the all-staggered form is the same as that reported by Zeroka et al. [12] . The all-stag gered conformation was confirmed to correspond to a potential energy minimum from the vibrational analy sis, which shows only real frequencies for the optimized conformer. On the other hand, the CH3-and NH3-eclipsed conformations were found to correspond to a saddle point of first order from the presence of one imaginary frequency. The potential height for the inter nal rotation of the CH3 group was evaluated from the difference in the electronic energy between the all-staggered conformation and the CH3-eclipsed conforma tion. The potential height for the NH3 rotation was ob tained in a similar manner. The potential heights ob tained are 14.1 and 11.9 kJ mol-1 for the CH3 and NH3 rotations, respectively. Thus, the internal rotational bar riers were estimated to be 12.5 and 9.1 kJ mol-1 for the CH3 and NH3 groups, respectively, taking account of zero-point vibrational energies. The zero-point energies were approximated by one-half of the CH3 and NH3 tor sional frequencies, which were calculated to be 270 and 461 cm-1, respectively, by Zeroka et al. [12] .
B. ]H NMR
The temperature dependence of the second moment (M2) obtained from the resonance spectra is shown in Figure 2 creases and a constant value of (11 ± 1) G2 is obtained above 320 K. To interpret the M2 values, we calculated the values for each of the following motional states of the cation: (i) the rigid lattice, (ii) the C3 reorientation of the CH3 group about the C-C bond axis, (iii) the C3 reorientation of the NH3 group about the C-N bond axis in addition to the CH3 reorientation. In the calculation, all the bond angles except the C-C-N angle were as sumed to be tetrahedral. The C-C-N angle and the bond lengths of C-C and C-N and were taken to be 111.0°, 1.497, and 1.490 Ä, respectively, from the crystal data of the salt [7] . The C-H and N-H lengths were taken to be 1.092 and 1.025 Ä from the result of the MO calcu lation as described above. Inter molecular magnetic di pole-dipole interactions were calculated from the crys tal data. The calculated values for the motional modes are given in Table 2 . By comparing the observed M2 val ues with the calculated ones, the cations are expected to be rigid below 117 K. The M2 values above 320 K can be explained by a model of the C3 reorientations of the CH3 and NH3 groups. The temperature dependence of Tx observed at 32 MHz is shown in Figure 3 . A Tx shoulder and a Tx minimum appear around 200 and 270 K, respectively. Referring to the above discussion on M2, we can assign the Tx shoul der to the reorientation of the CH3 group motion and the Ti minimum to the NH3 group motion. For these mo tions, Ti can be expressed by the sum of the two BPP equations associated with the CH3 and NH3 group mo tions [13] :
/ ( r i)=V(l+ft>2T?)+4T,/(l+4cu2l?) (i= l,2 ), (2) where Tj and r2 are correlation times for the CH3 and NH3 group motions, respectively, and o j is the Larmor frequency. Cx and C2 are the motional constants for the CH3 and NH3 groups, respectively. An Arrhenius-type relationship between rand the activation energy (Ea) for the reorientation process was assumed:
where t0 is the correlation time at infinite temperature. Equations (l)-(3) were fitted to the Tx data using a least-squares method. The Zsa values of (15.1 ± 0.6) and (34 ± 3) kJ mol-1 were obtained for the CH3 and NH3 group reorientations, respectively. The much larger Ea value for the NH3 group than the calculated internal ro tational barrier of the NH3 group is interpreted in terms of the presence of strong N -H ...0 hydrogen bonds formed between the cation and the anion. On the other hand, the £ a value for the CH3 group being slightly larg er than the corresponding rotational barrier indicates the reorientation of the CH3 group to be under a low inter ionic potential, probably originating from the C -H ...0 interaction.
